We have reinvestigated an important issue in the amphibian immunology that has not been settled for years since the pioneer work of Triplett, conceming the necessity of being exposed to organ-specific antigens early in development. It was found that syngeneic lenses were rejected by frogs, Xenopus laevis, that had been enucleated (eye removed) during early larval life. This rejection did not occur in intact frogs or in those enucleated in later larval or adult life. Whereas the splenocytes from intact frogs did not proliferate in response to a co-cultured syngeneic lens, those from frogs that had been enucleated at any of the larval stages, or even after metamorphosis, proliferated intensely. Both of these responses were shown to be thymus-dependent. In conclusion, it was demonstrated that the frog immune system rejected even syngeheic lenses by enucleation in early larval life and that it began to recognize the syngeneic lenses by lymphoid proliferation after enucleation, even in later life.
INTRODUCTION
It is generally accepted that the immune system is inherently incapable of discriminating foreign and self antigens but can "learn" during development not to respond only to self antigens. If this theory is correct, self antigens that are removed prior to development of the immune system cannot be regarded as "self". The first experimental support of this was reported as early as 1962 by Triplett (1962) . In his experiment, complete removal of the embryonic hypophysis was followed by rejection of the reimplanted "self" hypophysis in larval tree frogs (Hyla regilla). On the other hand, the results obtained in another amphibian were in marked contrast to those by Triplett. From Xenopus laevis embryos, the hypophysis, the thyroid, or the eye anlagen were removed, but the animals never rejected syngeneic implants of removed organs from the same strain in later life (Rollins-Smith and Cohen, 1982a , 1982b , 1983 ; Rollins-Smith et al., 1990; Maeno and Katagiri, 1984) .
This situation prompted us to reexamine Triplett's experiments, by utilizing a syngeneic strain of a frog (Xenopus laevis). We selected a lens for a target tissue for two reasons: (1) It is technically feasible to remove all of the tissues expressing the antigens without disturbing larval development and later growth, FIGURE Inflammatory tissues formed around the grafted lens 20 days after grafting. Intense inflammation with lymphocytes and phagocytes occurred only around the lenses that were grafted in frogs enucleated at stage 43 (A) but not in frogs enucleated at the same stage and thymectomized soon after at stages 45 to 47 (B) . (Bar, 200 micrometer) . (see colour plate at the back of this issue) and (2) it can be removed at any time even before the immune system commences to develop. Thus, the mode of immune response to a "self' lens in metamorphosed frogs that had been enucleated (eye removed) during ontogeny was investigated. We found that the syngen,eic lenses were rejected only by frogs that had been enucleated during early larval life. In contrast, the splenic lymphocytes from frogs enucleated at any larval stage, or even after metamorphosis, proliferated intensely in response to the co-cultured syngeneic lens after its removal.
RESULTS

Eye or Lens Transplantation
To determine when self-tolerance is naturally induced to lens antigens during ontogeny, we transplanted syngeneic eyeballs or lenses in frogs that had been enucleated at different larval and adult stages, and observed the immune responses against the grafted lenses. At first, whole syngeneic eyeballs were transplanted in 5 intact adult frogs as well as those that had been enucleated at stage 43 (6 frogs), 56 (5 frogs), or 66 (6 frogs). However, no apparent macroscopic and histological damage in the lenses or the other tissues in the eyeballs was observed by the 20 tt day after transplantation.
Since it is highly plausible that the eye is an immunologically privileged site in Xenopus as in mammals, we modified the experimental protocol by transplanting only an isolated lens rather than a whole eyeball. (Table I) . Although phagocytes were observed to take up pieces of lens fiber frequently, a major mass of lens fiber remained even on the 100 tr day after grafting (data not shown).
No destruction or disappearance of lens epithelial cells was observed histologically in intact adult frogs, in frogs with only one eye removed at stage 43, or in frogs that were later enucleated bilaterally, except for two rare cases: one in a frog enucleated unilaterally at stage 43 and another in a frog enucleated bilaterally at stage 56 (Table I and Fig. 2B ). In frogs enucleated at tla days after grafting. Each number represents the number of grafts in which lens epithelial cells were being destroyed but still remained, or had disappeared among totals.
*Except for these two groups, all animals were enucleated bilaterally.
To specify the cells that had accumulated around the grafts, the transplanted lenses with surrounding tissues were stained immunohistochemically using T-cell-specific mAbs XT-1 or CD8-specific mAbs AM22 on the 20 th day after grafting. It was found that massive T lymphocytes had accumulated and that many of them were CD8 + in the inflammatory tissues.
Proliferative Response of Splenocytes
Next, we co-cultured a lens and splenocytes to assess the magnitude of the responses of the immune cells against the lens antigens in vitro. The proliferative response of splenocytes against the lens of the semi-xenogeneic frogs made as a preliminary experiment showed its highest value in the 4 th to 7 th day in co-culture (data not shown). Thus, BrdU incorporation into splenocytes that were cultured with the syngeneic lens were examined during 24 hours from the 4 th day. Although splenocytes from intact adult frogs displayed positive proliferative reaction against the lens of the semi-xenogeneic frog, they did not exhibit enhanced proliferation against the syngeneic lens at all. On the other hand, splenocytes from naive adult frogs that had been enucleated at stage 43 proliferated intensely in response to the syngeneic lens. Similar significantly high proliferation against the syngeneic lens was also observed in splenocytes from naive frogs enucleated at stages 56 and 66 (Fig. 3 (Fig. 4) . These frogs having proliferative splenocytes accepted the grafted lens, like those enucleated at stage 56 or later (Table  I) . Interestingly, even after acceptance of the grafted lens, their splenocytes remained highly proliferative against the syngeneic lens in vitro (Fig. 4) (Griffith et al., 1995; Streilein, 1996) . Thus, it is plausible to hypothesize that the immune system of frogs interacted with the lens antigens until enucleation. We have investigated the response of adult frogs that had been enucleated during ontogeny. The lens epithelial cells begin to be formed at stages 33 to 34 and flatten at stage 45 in Xenopus (Nieuwkoop and Faber, 1956 ). Based on this information about the development of the immune system and the eye, we enucleated the animals at four stages: (1) at stage 43, before the occurrence of lymphoid differentiation in the thymus; (2) at stage 56, when the immune system of the tadpole-type is established; (3) at stage 66, just after they metamorphose; and (4) at more than 2 months after they metamorphose, when the adult-type immune system matures (cf. Du Pasquier, 1982 Flajnik et al., 1987 .
In the lens transplantation experiments, only frogs that had been enucleated at stage 43 exhibited intense responses against the grafted syngeneic lenses accompanied by inflammation ( Fig. 1 ; Table I ). The lens epithelial cells were destroyed and eventually disappeared (Fig. 2) Triplett (1962) and thus support his theory that self antigens removed prior to development of the immune system cannot be regarded as "self."
In order to quantitate the responses of enucleated frogs against syngeneic lenses, we tried to co-culture a lens and splenocytes. The splenocytes from intact frogs or from those with only one eye removed did not respond significantly against the syngeneic lenses (Fig. 3) . However, splenocytes from frogs enucleated at any larval stage (stages 43, 56, or 66) proliferated intensely in response to the syngeneic lenses (Fig. 3) . Although the positive reaction was observed against semi-xenogeneic lens in intact frogs, we have no data showing that this reaction was evoked by MHC antigens. Interestingly, splenocytes from frogs enucleated even after metamorphosis proliferated vigorously against the syngeneic lenses on the 30 th or 50 th day after enucleation (Fig. 4) . There was no suppressive effect of lens grafting on the response of splenocytes in these frogs. Even after acceptance of the grafted lenses (cf. Table I), the splenocytes remained highly proliferative against the syngeneic lenses (Fig. 4) . The surprising fact may be that the in vitro proliferative responses was observed in the absence of priming with lens graft. However, the spleen cells obtained from lens-rejected frogs enucleated at stage 43 showed heightened proliferation at 50 days after the lens graft, than before the lens grafting (data not shown). Like rejection of grafted lens, proliferation of splenocytes against the lenses was not observed in frogs that were enucleated at stage 43 and thymectomized at stages 45 to 47, indicating that this proliferative response was also thymus-dependent (Fig. 5) .
The question that we must consider is what antigens in the lens induce the observed immune responses and how they induce these responses. Although the lens epithelium in the grafted lenses was rejected by frogs enucleated at stage 43, lens fiber within the lenses remained apparently intact beyond the 100 th day after grafting (data not shown). Also in co-culture, splenocytes from frogs enucleated at stage 43 proliferated against only the lenses with epithelium (Fig. 6) . It is well known that crystallin, contained in lens fiber, is expressed also in non ocular tissues in Xenopus (Smolich et al., 1994) . If the immune system of an enucleated frog can interact with crystallin that is expressed in non ocular tissues, it is plausible that the lens fiber is recognized as "self." Therefore, we believe that the unknown antigens recognized as "non self" exist on the lens epithelium.
Since the proliferative responses are thymus-dependent in co-culture, it can be assumed that main cell populations that proliferate in response to the lenses are T lymphocytes (Fig. 5; cf. Du Pasquier and Horton, 1976 (Shaughnessy and Wistow, 1992) . On the other hand, induction of class I and class II MHC molecule by immune cells is not a rare phenomenon in animal species Lin et al., 1993; Egwuagu et al., 1994) . Likewise in the present study, both MHC class I and class II molecules seemed weakly expressed in some lens epithelial cells that were surrounded by many leukocytes, after grafting or co-culture (data not shown). It is apparent, however, that the induced MHC molecules on the lens epithelial cells, if any, were not sufficient to directly activate proliferative T lymphocytes without APC addition (Fig. 5) .
The fact that the grafts of whole eyeballs were never rejected even in frogs enucleated in early larval life is in accord with the results of a previous report (Rollins-Smith et al., 1990) . It is well known that the eyeball is an immune privilege tissue where grafts of even foreign tissues can expand their survival in mammals (Griffith et al., 1995) . Although there is no report of Xenopus having an immune privilege region, the overall difference in the results of lens and whole eyeball transplantation supports the idea that the eyeball is the immune privilege tissue in this animal, too.
It was also reported that tadpoles or frogs in which the hypophysis and the thyroids were removed as embryos could not reject syngeneic implants of the removed organs (Rollins-Smith and Cohen, 1982a , 1982b , 1983 Maeno and Katagiri, 1984) . However, it was suggested that the tadpoles and the frogs with their hypophysis or with thyroids removed do not appear to be suitable as recipients (Flajnik et al., 1987; Rollins-Smith et al., 1988; Rollins-Smith and Blair, 1993) , and the organs have too weak transplantation antigens to be rejected in Xenopus (Maeno and Katagiri, 1984) . These results imply in turn that lenses having unique antigens specific to the lens epithelium are more suitable than hypophysis or thyroids as test organs.
In conclusion, the present results clearly support the hypothesis that the immune system can learn not to respond to antigens on lens epithelial cells during early larval life. Intact frogs recognized the syngeneic lenses completely as "self," and never showed positive responses against the lenses both in vivo (cytotoxicity) and in vitro (proliferation of splenocytes). However, frogs that had been enucleated in early larval life came to recognize the syngeneic lenses as "non self", and showed cytotoxic and proliferative responses against the syngeneic lenses. Interestingly, sequential enucleation experiments indicated that frogs enucleated in late larval life, or even after maturation of the immune system, showed a proliferative response against lenses but accepted the grafted lenses. These frogs seemed to change to recognize the syngeneic lenses partially as "non self," resulting in a situation of split-tolerance (cf. Sakuraoka and Tochinai, 1993 (Horton and Manning, 1972 For transplantation, carefully removed lenses freed from the eyeballs were grafted through a small mid line slit made in the dorsal skin to a space made between the muscle membrane and the muscle (longissimus dorsi). The transplanted lenses were observed histologically in the sam way as the eyes.
Immunohistochemistry
Expression of MHC class I and class II in the lenses was examined immunohistochemically using monoclonal antibodies (mAbs) TB 17 (IgG1, anti-Xenopus MHC class I) and mAbs AM20 (IgG, anti-Xenopus MHC class II) (Flajnik et al., 1990; Harding et al., 1993) on cryostat sections. The inflammatory cells that had accumulated around the grafted lenses were characterized immunohistochemically using mAbs XT-1 (IgG2 with specificity for a 120kDa Xenopus T-cell antigen) and mAbs AM22 (IgM, anti-Xenopus CD8) (Nagata, 1988; Flajnik et al. 1990 L-15 and a lens were co-cultured in a 96-well U-bottom culture dish containing 200-microliter culture medium at 28C in a humidified atmosphere of 5% CO 2 and 95% air. After 4 days of culture, the proliferation of leukocytes was assessed by incubating the cultures with 500 mM 5-bromo-2'-deoxyuridine (BrdU) (Sigma Chemical, St. Louis) for an additional 24 hours according to the previous experiments (Sakuraoka and Tochinai, 1993; Izutsu et al., 1996) .
The incubation period was determined in order to give a reliable count by microscopic counting. Splenocytes harvested from each culture were fixed in absolute methanol and were smeared on slide glasses. The smears were serially treated with anti-BrdU mouse monoclonal antibody (Sanbio, Netherlands) and Rhodamine-conjugated goat anti-mouse IgA+IgG+IgM antibody (Cappel, England) . Nuclei of the preparations were stained with 0.025% quinacrine dihydrochloride and observed under an epifluorescence microscope (Nikon EFD2; Nikon, Tokyo). Cells that had incorporated BrdU into their nuclei were counted as proliferating cells. The relative rate in co-culture (Stimulation Index) was calculated on more than 1000 cells, as the mean proliferating rate of splenocytes of the same origin cultured without a lens was assumed to be 1. The actual numbers of the proliferating cells in control cultures were usually 2 to 6% of the total (20 to 60 positively stained cells in 1000), depending on the experiments. In some experiments, splenic cell suspensions were passed through nylon wool columns (Wako Pure Chemical Industries, Japan) to eliminate antigen-presenting cells (Julius et al., 1973) .
